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The cocirculation of different HIV types and groups can lead to dual infections and recombinants, which hinder diagnosis and
therapeutic management. We designed two multiplex PCRs (mPCRs) coupled with capillary electrophoresis to facilitate the de-
tection of such infections. The first, MMO2, targets three variants (HIV-1/M, HIV-1/O, and HIV-2), and the second, MMO, targets
HIV-1/M and HIV-1/O. These mPCRs were validated on DNA and RNA extracts from 19 HIV-1/M, 12 HIV-1/O, and 13 HIV-2
cultures and from mixtures simulating dual infections. They were then assessed with DNA and RNA extracts from samples of 47
clinical monoinfections and HIV-1/M�O dual infections or infections with HIV-1/MO recombinants. Both mPCRs had excel-
lent specificity. Sensitivities ranged from 80 to 100% for in vitro samples and from 58 to 100% for clinical samples, with the re-
sults obtained depending on the material used and the region of the genome concerned. Sensitivity was generally lower for DNA
than for RNA and for amplifications of the integrase and matrix regions. In terms of global detection (at least one target gene for
each strain), both mPCRs yielded a detection rate of 100% for in vitro samples. MMO2 detected 100% of the clinical strains from
DNA and 97% from RNA, whereas MMO detected 100% of the strains from both materials. Thus, for in vitro and clinical sam-
ples, MMO2 was a useful tool for detecting dual infections with HIV-1 and HIV-2 (referred to as HIV-1�HIV-2) and HIV-1/
M�O, and MMO was useful for detecting both MO dual infections and MO mosaic patterns.

HIV displays considerable genetic diversity due to its simian
origin, specific structural traits, replication mechanisms in-

volving the low fidelity of the reverse transcriptase (RT) (1), host
pressure, and the possibility of recombination events (2).

The current HIV classification includes two types, HIV-1 and
HIV-2, which are further subdivided into groups (groups M to P
and A to I, respectively) (3, 4). HIV-1/M (“major”) is pandemic,
whereas HIV-1/O, HIV-1/N, and HIV-1/P are much rarer (10,000
to 30,000, 16, and 2 cases, respectively) and are endemic in West-
Central Africa and countries historically linked to this area (5, 6).
HIV-2 is endemic to West Africa, where only groups A and B are
epidemic (4, 7). HIV-2 groups C to I are each found in one (or
two, for group F) individual living in Ivory Coast, Liberia, or Si-
erra Leone (7–11). In these regions, the cocirculation of HIV-1/M
and HIV-2 or HIV-1/O leads to dual infections (12–21). In West
Africa, dual infections with HIV-1 and HIV-2 (referred to as HIV-
1�HIV-2) are thought to account for 1 to 8% of HIV infections
(17, 22), although no HIV-1/2 recombinant has yet been de-
scribed. In West-Central Africa, including Cameroon in particu-
lar, the frequency of HIV-1/M�O dual infections has been esti-
mated to be 10% in the HIV-1/O-seropositive population (20, 23,
24). However, in contrast to what has been reported for HIV-2,
HIV-1/M�O dual infections have been shown to lead to the cir-
culation of recombinants with or without their parental strains
(25–29).

Dual infections and recombinants have major consequences
for the course of the worldwide HIV epidemic and are essential
indicators for molecular epidemiology. They also have an impact
on clinical practice, because they may interfere with the results
obtained with serological and molecular tools for diagnosis and
patient follow-up. Some serological tools are less sensitive to HIV-
1/O (30) or HIV-2 (22, 31) and may behave similarly with recom-
binants carrying a group O-derived envelope or with cryptic HIV-
1�HIV-2 infections (17). Similarly, variants may affect the

determination of viral load (VL) by quantitative RT-PCR (32–35).
This justifies the use of nonspecific primers to prevent the mis-
quantification or lack of detection of one of the variants in cases of
dual infection or recombinants involving minor variants. Con-
versely, specific techniques targeting variants may also be required
for diagnosing and following up the mother-to-child transmission
of dual infections or for monitoring the overgrowth of one variant
with respect to the other to facilitate the adaptation of treatment
and to prevent virological failure.

Variants can also have an impact on antiretroviral therapy
(ART) through their natural polymorphism. HIV-1/O strains are
naturally resistant to nonnucleoside RT inhibitors (NNRTI), (36),
and HIV-2 is naturally resistant to NNRTI, enfuvirtide (T20), and
some protease inhibitors (4). Consequently, dual infections with
these viruses and recombinants, if undetected, will affect the re-
sponse to ART. Correct detection is therefore essential to prevent
the development and selection of resistant mutants by ensuring
that the patient receives the most appropriate treatment.

Current tools for detecting dual infections and recombinant
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forms remain inadequate. Serological methods based on Western
blotting or rapid diagnostic tests can differentiate between HIV-1
and -2 infections but are not specific enough (15, 31, 37). Home-
made V3 serotyping assays are useful for discriminating between
HIV-1 and -2, HIV-1/M subtype B and non-subtype B, and HIV-
1/O, -N, and -P infections (37–39) but are performed only in
specialized laboratories and do not allow the genomic character-
ization of viral strains. Most of the molecular tools developed to
date were designed to detect intra-HIV-1/M dual infections and
recombinants. These tools include the heteroduplex tracking as-
say (HTA) (21, 40, 41), the multiregion hybridization assay
(MHA) (42), and type- or group-specific PCR followed by se-
quencing and phylogenetic analyses, for which the number of ex-
periments to be performed depends on the number of target
strains and genomic regions considered. The advent of next-gen-
eration sequencing (NGS) has made it possible to carry out both
nonspecific and specific population sequencing and has facilitated
the detection of dual infections and recombination (43, 44), but it
remains expensive and requires specific facilities. No molecular
tool has yet been developed for detecting HIV-1�HIV-2 and
HIV-1/M�O dual infections or HIV-1/MO recombinants in a
single experiment.

We aimed to develop a multiplex PCR (mPCR) strategy fol-
lowed by capillary electrophoresis (CE) for the detection of dual
infections involving HIV-1/M, HIV-1/O, and HIV-2 and for the
specific detection of HIV-1/MO recombinants. We used in vitro
samples to develop the method, which we then tested on clinical
samples.

MATERIALS AND METHODS
mPCRs. HIV-1�HIV-2 and HIV-1/M�O dual infections raise different
issues, as HIV-1/M�O dual infections can lead to the production of re-
combinants, which has never been reported for HIV-1�HIV-2 dual in-
fections. We therefore designed the following two multiplex PCRs: the
first, MMO2, targeted the integrase (IN) and envelope (gp41) regions of the
HIV-1/M, HIV-1/O, and HIV-2 genomes, whereas the second, MMO, tar-
geted five genomic regions of HIV-1/M and HIV-1/O, corresponding to
the matrix (MA), protease (PR), integrase (IN), SUgp120 (gp120), and
TMgp41 (gp41) regions (see the supplemental methods and Fig. S1 in the
supplemental material).

These mPCRs were validated and assessed with DNAs extracted from
infected cells in vitro (in vitro samples) or from peripheral blood mono-
nuclear cells (PBMCs) isolated from clinical samples (clinical samples)
and with RNAs extracted from viral supernatants (in vitro samples) or
plasma samples (clinical samples) (see the supplemental material). PCR
and RT-PCR were performed on all samples as described in the supple-
mental material.

CE. We used a model CEQ8000 automated Sanger sequencer (Beck-
man Coulter) to analyze the mPCR products. For each pair of primers,
according to amplicon size, we labeled one primer with one of the follow-
ing three dyes compatible with the CEQ8000 laser detection channels:
Alexa Fluor 750 (AF750; channel D2), Cy5.5 (channel D3), and
ATTO647N (AT647N; channel D4). Channel D1 was used to detect the
MM1000 molecular ladder (MapMarker1000, D1 labeled; BioVentures,
Inc.) for the generation of a calibration curve and the assignment of peak
sizes.

We also used an electrophoresis internal control (IC) to validate the
migration process and to make it possible to compare samples by calcu-
lating the normalized ratio (R) of the intensity of each peak to the IC
intensity. The IC consisted of three PCR products, each labeled with a
different dye, resulting from the amplification of gp41 and gp120 (channel
D2 [720 nucleotides] and channel D4 [424 nucleotides], respectively)
from the HIV-2 group B (HIV-2/B) strain DIL and of PR (channel D3

[653 nucleotides]) from the HIV-2 group A (HIV-2/A) strain ROD. These
fragments were chosen because they should not interfere with the multi-
plex amplicons during electrophoresis. The mPCR products were loaded
onto a 96-well plate as follows: 23.7 �l sample loading solution (SLS;
deionized formamide) plus 0.3 �l MM1000 plus 1 �l IC plus 1 �l mPCR
amplicon. The running conditions were as follows: denaturation at 90°C
for 120 s, injection for 60 s at 2 kV, and separation at 50°C and 5 kV for 100
min. The electropherograms obtained were analyzed with the GenomLab
GeXP genetic analysis system, with baseline slope and relative peak height
thresholds set at 10%. Peak coordinates corresponding to amplicon size
(S) and peak intensity (I) were noted, and normalized ratios (R) between
samples and IC peak intensities were calculated according to the dyes used
for labeling.

Samples. Each step in mPCR development was assessed with archived
DNAs (extracted from endpoint cells or PBMCs) and circulating RNAs
(extracted from virus supernatants or plasma samples) from viruses cul-
tured in the laboratory or from clinical samples.

(i) In vitro samples. We used the following four reference strains to
validate the choice of primers and the first multiplexing steps: NL4.3
(HIV-1/M), RBF189 (HIV-1/O), ROD (HIV-2/A), and DIL (HIV-2/B).
We further validated the mPCR criteria and interpretation rules on a
larger panel of strains including 19 HIV-1/M, 12 HIV-1/O, and 13 HIV-2
strains and reflecting intragroup and intratype genetic diversities. For 21
strains, we were able to test both DNA and RNA, and for the others we
tested only one type of material. We thus analyzed 32 DNA and 33 RNA
extracts (see Table S2 in the supplemental material).

We assessed the ability of the mPCRs to detect several variants simul-
taneously in mixed genetic materials that simulated dual infections. For
archived forms, we prepared five HIV-1/M�O and five HIV-1/
M�HIV-2 mixtures from DNA samples for the evaluation of MMO2 and
10 HIV-1/M�O mixtures for the evaluation of MMO (see Table S3 in the
supplemental material). The mixtures were based on the same input as
that for single DNA samples (2 �l/PCR mixture). For circulating forms,
we chose five HIV-1/M and five HIV-1/O strains and prepared five
crossed ranges by mixing supernatants (100% plus 0%, 75% plus 25%,
50% plus 50%, 25% plus 75%, and 0% plus 100%) to simulate dual rep-
licative infections (see Table S3). The 100% inputs were obtained by di-
luting supernatants in HIV-negative human plasma before extraction, to
reach a VL of 105 copies/ml. The same method was applied to the five
HIV-1/M–HIV-2 mixtures.

(ii) Clinical samples. We assessed the clinical sensitivity and specific-
ity of different variants of the mPCRs by challenging them with a panel of
31 HIV-1/M, 12 HIV-1/O, and 4 HIV-2 strains from clinical monoinfec-
tions. This involved the analysis of 15 DNA and 35 RNA extracts (see
Table S4 in the supplemental material). Three DNA extracts from HIV-
negative patients were used as controls and for the evaluation of back-
ground. Plasma VL was determined with an m2000SP/m2000RT system
(Abbott, Rungis, France) for HIV-1/M and HIV-1/O and by an in-house
technique for HIV-2 (45).

We then tested the mPCRs on eight samples obtained from patients
identified in our laboratory by conventional molecular biology techniques
[group M- and group O-specific (RT-)PCR followed by sequencing, as
previously described (29)] as having a dual HIV-1/M�O infection or
being infected with an HIV-1/MO recombinant (see Table 4).

RESULTS
Assessment of mPCR-CE for detection of single variants in
vitro. After validating the mPCR-CE combination (see Fig. S3 in
the supplemental material), we determined the sensitivities and
specificities of the mPCRs with single DNA and RNA extracts
corresponding to the 19 HIV-1/M, 12 HIV-1/O, and 13 HIV-2
strains from in vitro samples (see Table S2) used for the definition of
validation criteria and interpretation rules (see the supplemental ma-
terial). We carried out the following two analyses: a stringent analysis,
in which we considered the detection of all target genes on the elec-
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tropherogram for each strain, and a less stringent analysis based on
the detection of at least one target gene for each strain.

(i) All-target detection. For the MMO2 assay, we obtained a
sensitivity of 91% for HIV-1/M, 91% for HIV-1/O, and 80% for
HIV-2 by using DNA (Table 1). With RNA, this mPCR had a
sensitivity of 100%, regardless of the group or type. Specificity,
based on the absence of amplification of a genomic region from a
type or group other than those targeted, was 100% for both DNA
and RNA.

The sensitivity of the MMO assay on both DNA and RNA for
both groups M and O was 100%. This mPCR had a specificity of
100% on DNA for both groups and specificities of 100% and 80%
on RNA for groups M and O, respectively.

We used mixtures of DNA or RNA samples (crossed dilution
panels) to mimic dual infections and to evaluate the ability of the
mPCRs to detect such infections. For MMO2, the sensitivity with
DNA was 80% for both HIV-1/M�O and HIV-1/M�HIV-2 mix-
tures (Table 2). This mPCR had a sensitivity of 100% with RNA,
regardless of the mixture and the dilution. For MMO, the sensitiv-
ity was 90% with DNA and 100% with RNA, regardless of the
mixture and the dilution.

Focusing on genetic diversity regardless of the nature of the
template, MMO2 detected 95% of HIV-1/M strains (1 strain from
subtype CRF02 was not detected), 92% of HIV-1/O strains (1
strain from clade B was not detected), and 85% of HIV-2 strains (2
strains from group A were not detected) (Table 3). MMO detected
100% of both group M and O strains (Table 1). MMO2 had a
specificity of 100% for each type and group, and MMO had a spec-
ificity of 100% for HIV-1/M and 89% for HIV-1/O.

(ii) Single-target detection. Based on the detection of at least
one target gene for each different strain, which should be enough
to suspect a dual infection or infection with a recombinant due to
the excellent specificity, both mPCRs detected single viruses and
two-virus mixtures in 100% of cases (Table 1).

Assessment of mPCR-CE for detection of variants in clinical
samples. We assessed the mPCRs under clinical conditions by

using DNAs and RNAs from samples of well-defined clinical
monoinfections with 31 HIV-1/M, 12 HIV-1/O, and 4 HIV-2
strains (see Table S4 in the supplemental material).

(i) All-target detection. No HIV-2 extract was available for
testing of the MMO2 assay. This mPCR had a sensitivity with DNA
of 83% for group M and 100% for group O. With RNA, it had a
sensitivity of 95% for HIV-1/M, 92% for HIV-1/O, and 75% for
HIV-2 and a specificity of 100% (Table 4).

With DNA, the MMO assay had sensitivities of 58% and 67%
for group M and group O, respectively. With RNA, it had a sensi-
tivity of 84% for group M and 75% for group O. It had a specificity
of 100%.

Focusing on DNA samples, MMO2 failed to detect 2 of 12 HIV-
1/M strains; MMO missed 5 of 12 HIV-1/M and 1 of 3 HIV-1/O
strains (Table 3). In the absence of an intracellular DNA VL, we
looked for a possible link between low levels of viral RNA in
plasma and the lack of DNA detection. The three samples (34_M,
35_M, and 38_M) presenting multiple-gene detection failure with
MMO were among those with the lowest VL (3.2, 3.4, and 3.9 log10

copies/ml, respectively) (Table 3; see Table S4 in the supplemental
material), with no IN-M detection by either mPCR for sample
34_M due to the cutoff ratio used. The other two samples, 40_M
and 42_M, with only one missed target (MA-M), had higher cor-
responding VL (4.3 and 4.4 log10 copies/ml) (Table 3).

With RNA samples, MMO2 missed 1 of 19 HIV-1/M strains, 1 of
12 HIV-1/O strains, and 1 of 4 HIV-2 strains, whereas MMO

missed 3 of 19 HIV-1/M strains and 3 of 12 HIV-1/O strains (Ta-
ble 3). Detection of HIV-1/M failed for three samples (24_M,
25_M, and 26_M), with VL between 4.3 and 4.6 log10 copies/ml,
whereas six samples with correct detection of all the MMO target
regions had lower VL. For sample 26_M (4.6 log10 copies/ml),
gp41-M was not detected by either mPCR due to the cutoff ratio
used. For HIV-1/O, detection failures were noted for one sample
(13_O), with the lowest VL, for MMO2 and for two samples (7_O
and 1_O) with low VL values (3.3 and 3.7 log10 copies/ml, respec-

TABLE 2 mPCR-CE results for dual in vitro samples

Sample material

MMO2 assay MMO assay

Sensitivitya

Global detectionb

Sensitivitya

Global detectionbHIV-1/M�O HIV-1�HIV-2 HIV-1/M�O

DNA 4/5 (80)c 4/5 (80)c 10/10 (100) 9/10 (90)d 10/10 (100)
RNA 5/5 (100) 5/5 (100) 10/10 (100) 5/5 (100) 5/5 (100)
a Values shown are number of positive results/number of samples tested (%).
b Detection of at least one gene for each target strain.
c The detection of IN-M and IN-2A failed in one mixture each.
d gp120-M detection failed in one mixture.

TABLE 1 mPCR-CE results for single in vitro samples

Sample
material

MMO2 assay MMO assay

Sensitivitya Specificity (%)
Global
detectiona,b

Sensitivitya Specificity (%)
Global
detectiona,bHIV-1/M HIV-1/O HIV-2 HIV-1/M HIV-1/O HIV-2 HIV-1/M HIV-1/O HIV-1/M HIV-1/O

DNA 10/11 (91) 10/11 (91) 8/10 (80) 100 100 100 32/32 (100) 11/11 (100) 11/11 (100) 100 100 22/22 (100)
RNA 11/11 (100) 10/10 (100) 12/12 (100) 100 100 100 33/33 (100) 11/11 (100) 10/10 (100) 100 80c 21/21 (100)
a Values shown are number of positive results/number of samples tested (%).
b Detection of at least one gene for each target strain.
c Two HIV-1/M samples presented a peak corresponding to PR-O.
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tively) and one sample with a higher VL (18_O; 4.7 log10 copies/
ml) for MMO (Table 3).

(ii) Single-target detection. Based on detection of at least one
gene, MMO2 was able to detect variant monoinfections in 100%
(15/15 samples) and 97% (34/35 samples) of DNA and RNA sam-
ples, respectively, and MMO detected 100% of cases for both ma-
terials (Table 4).

Testing of mPCR-CE on genuine dual infections and recom-
binants. We tested the mPCR-CE assay with previously charac-
terized samples from two patients with dual HIV-1/M�O infec-
tions and six patients infected with an HIV-1/MO recombinant,
with or without the parental strains (Fig. 1). No HIV-1�HIV-2
samples were available.

With DNA (available only for YBF211 and YBF212), only
MMO2 detected the dual infections based on at least one gene (Fig.
1a). For the YBF212 sample, MMO showed that M and O viral
populations were present, but not for the same genomic region.

With RNA, the RBF140 sample corresponded to a dual HIV-
1/M�O infection, but only HIV-1/O was detected by both mul-
tiplex PCRs. For YBF221, YBF211, and YBF212, both multiplex
PCRs detected the presence of RNAs from both groups M and O
for at least one gene (Fig. 1b).

For the detection of RNAs of the recombinant forms with or
without the parental strains, only HIV-1/O was detected in sample

YBF274, whereas both the HIV-1/O and HIV-1/M moieties of the
recombinants were detected in samples BCF174, RBF208, and
RBF222 by use of both mPCR-CE assays (Fig. 1b).

Taking a positive result for two strains for at least one gene to
be suggestive of a replicative dual infection with or without a rep-
licative recombinant, both mPCRs identified the same four possi-
ble dual infections among the six tested. If the results for all target
genes were taken into account, then MMO2 identified two sus-
pected replicative recombinants among the four tested, and MMO

identified three of four.
Detection failures according to the nature of the variant. The

mPCR-CE method was globally evaluated on 115 extracts— 47
DNA extracts and 68 RNA extracts— corresponding to 45 HIV-
1/M, 21 HIV-1/O, and 16 HIV-2 isolates (in vitro viral strains and
clinical samples from monoinfections).

Considering all the HIV-1/M data and the results of both
mPCRs for all targets, regardless of the nature of the template
(DNA or RNA), detection failure was observed for 20 (8%) of the
265 target genes tested (detection of five targets for the 53 HIV-
1/M samples). These failures (Table 3) occurred mostly with MMO

(16/20 failures) and with clinical DNA samples (14/20 failures)
and involved the MA and IN regions in 11 of 20 cases. Detection
failure was due to the ratio cutoff used in 7 of the 20 cases.

Seven of the 180 HIV-1/O targets (4%) and 3 of the 52 HIV-2

TABLE 3 Summary of mPCR-CE detection failures by strain

Strain
Subtype, clade,
or groupa VLb (log10)

Failed MMO2 target Failed MMO target

In vitro samples Clinical samples In vitro samples Clinical samples

DNA RNA DNA RNA DNA RNA DNA RNA

5_M CRF02 INc

7_M CRF01
34_M B 3.2 INc MA, PR, IN,c gp41
35_M B 3.4 MA, gp120, gp41
38_M A1 3.9 INc MA, PR, gp120
40_M B 4.3 MA
24_M CRF11 4.3 MA,c gp120
42_M B 4.4 MA
25_M B 4.4 IN
26_M B 4.6 gp41c gp41c

13_O B 3.1 IN, gp41
7_O B 3.3 INc IN
1_O A 3.7 gp41
19_O A 4.1 PR
18_O A 4.7 PR
4_2 A INc

7_2 A 3.2 IN IN
a The viral subtype (HIV-1/M), clade (HIV-1/O), or group (HIV-2) is given.
b Plasma viral loads for clinical RNA samples and corresponding plasma viral loads for clinical DNA samples.
c Detection failure due to the cutoff ratio used.

TABLE 4 mPCR-CE results for clinical monoinfections

Sample
material

MMO2 assay MMO assay

Sensitivitya Specificity (%)

Global detectiona,b

Sensitivitya Specificity (%)

Global detectiona,bHIV-1/M HIV-1/O HIV-2 HIV-1/M HIV-1/O HIV-2 HIV-1/M HIV-1/O HIV-1/M HIV-1/O

DNA 10/12 (83) 3/3 (100) 100 100 15/15 (100) 7/12 (58) 2/3 (67) 100 100 15/15 (100)
RNA 18/19 (95) 11/12 (92) 3/4 (75) 100 100 100 34/35 (97) 16/19 (84) 9/12 (75) 100 100 31/31 (100)
a Values shown are number of positive results/number of samples tested (%).
b Detection of at least one gene for each target strain.
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targets (6%) were missed. The nature of the material used (DNA
or RNA) had no clear impact on mPCR. However, IN was again
the target region accounting for the largest number of detection
failures (3/7 failures for HIV-1/O and 3/3 failures for HIV-2). In
two cases, detection failure resulted from the cutoff ratios used.
The lack of detection was also strain dependent, occurring twice
with 7_O and twice with 7_2.

DISCUSSION

Little is currently known about the true prevalence of HIV-
1�HIV-2 and HIV-1/M�O dual infections or of HIV-1/MO re-
combinants. The detection of dual infections and recombinants
involving major HIV variants is essential for accurate diagnosis
and virological follow-up and for appropriate treatment. In this
study, we aimed to develop a simple, cost-effective tool for the
detection of such infections. Dual HIV-1�HIV-2 and HIV-1/
M�O infections have different implications, as HIV-1/M�O in-
fections have been linked to the generation of MO recombinants.
We therefore designed two mPCR-CE assays: one (MMO2) for the
rapid detection or confirmation of dual infections involving HIV-
1/M, HIV-1/O, and HIV-2 and one (MMO) for the specific detec-
tion of HIV-1/MO recombinants. The principal challenge was
achieving a sufficient sensitivity in terms of analytical (i.e., accord-
ing to viral load) and clinical (i.e., to encompass the broad genetic
diversity of HIV) performances for both circulating and inte-
grated forms.

Development and evaluation of mPCR-CE on in vitro sam-
ples. We first validated the tool on viral culture samples so as to
cover a broad range of genetic diversity without being limited
by the amount of material available. The global specificity of
mPCR-CE was high, as was the sensitivity (80 to 100%), on both
DNA and RNA and with both simple material and samples simu-
lating dual infections. The sensitivity increased to 100% when we
considered the detection of at least one or two species for a single
genomic region as sufficient to suspect a dual infection or the
presence of a recombinant form.

Assessment of mPCR-CE on clinical samples. We further as-
sessed this tool in clinical situations. We obtained a specificity of
100% for both mPCRs with both DNAs and RNAs from monoin-
fections and a high sensitivity with RNAs (75% to 95%) in the
stringent analysis. Based on the lowest VL of the samples giving
positive results (see the supplemental material), we estimated the
limit of detection for the two multiplex PCRs to be 3.7 log10 cop-
ies/ml for HIV-1/M and close to 3 log10 copies/ml for HIV-1/O
and HIV-2. A broader range of sensitivity was recorded for DNA
(58% to 100%) due to the smaller amounts of viral DNA in cells
(data not shown).

If we considered the detection of at least one target gene for
each different strain, regardless of VL, for the RNA samples and
DNA samples, then the sensitivity of MMO2 was 100% for HIV-
1/M and HIV-2 and 97% for HIV-1/O, and that of MMO was 100%
for both group M and group O.

Testing of mPCRs on dual infections and recombinants. We
then tested the mPCR strategy on real HIV-1/M�O dual infec-
tions and HIV-1/MO recombinants. Both mPCRs identified four
of the six dual infections based on findings for at least one gene
with an RNA template, and MMO2 identified both dual infections
with a DNA template. MMO detected the two MO recombinants
circulating alone and one of the two recombinants associated with
the parental HIV-1/O strain for all the target genes compared to
sequencing results. In its current state, MMO2 is not the test of
choice for detecting MO recombinants, as demonstrated for the
RBF208 recombinant, which was identified as an HIV-1/O strain
(but consistent with its recombination pattern) rather than as a
recombinant. MMO is the preferred test for the detection of HIV-
1/MO.

Relevance and limitations of mPCR-CE. Given the large
number of PCRs required to target several genomic regions in
various types and groups, multiplexing the primers was the best
choice for simplifying sample handling and decreasing the exper-
imental time and costs in routine use. However, the detection of
mPCR amplicons made it necessary to consider several important

FIG 1 (Left) mPCR-CE results for clinical HIV-M�O dual infections and/or infections with an HIV-MO recombinant. (a) DNA forms; (b) RNA forms. (Right)
Partial or whole-genome recombination patterns associated with each recombinant. The HIV-1 genome is given above the recombinants, with the genomic
targets of the mPCRs (MA, PR, IN, gp120, and gp41) indicated. a, abbreviations are as follows: M�O, HIV-1/M�O dual infection; MO, HIV-1/MO recombi-
nant; M�O�MO, HIV-1/M�O dual infection plus HIV-1/MO recombinant; O�MO, HIV-1/O plus HIV-1/MO recombinant. b, detection of HIV-1/M and
HIV-1/O; c, detection of HIV-1/O only; d, detection of HIV-1/M only.
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issues, such as amplicon number and size. For example, it would
have been difficult to carry out real-time PCR or DNA microarray
analysis due to the genetic diversity of HIV, which would have
made probe design very difficult, and due to high costs. Unlike the
nonspecific detection techniques used in microbiology (46), CE
has a high resolution and sensitivity and can be carried out with
several dyes. This approach has already been validated and used by
microbiologists for the diagnosis of respiratory diseases (47) and is
simple to use with automated sequencers. However, standardiza-
tion and rules for the analysis were required, and an internal con-
trol was used to validate the migration process and to normalize
peak size. This approach, which is cheaper and less time-consum-
ing than the 12 uniplex reactions required to obtain the same
results, could be implemented in routine practice for the rapid
detection of dual infections and recombinants after serological
screening (in case of dual seroreactivities or based on discordance
in seromolecular diagnosis algorithms).

The mPCRs performed well for the detection of at least one
target, but these reactions were subject to four types of limitation.
First, their sensitivity with DNA templates depended on the intra-
cellular viral load. Second, some regions performed less well than
others, with the IN and MA regions, in particular, accounting for
55% of failures for HIV-1/M samples. Third, clinical sensitivity is
challenged by the considerable genetic diversity of HIV, as ob-
served for the four strains giving false-negative results for the same
region, regardless of the type of material and the mPCR used (Ta-
ble 3). Finally, some failures (9/30 failures) were due to the anal-
ysis rules used to normalize the interpretation of electrophero-
grams and to eliminate background noise (which was greater for
DNA samples), resulting in a lower sensitivity in some cases.

In conclusion, our findings highlight the difficulties involved
in the development of a perfect tool, with 100% specificity and
sensitivity for all variants, for use with both DNA and RNA and for
multiple targets. However, the original technique developed here
can identify HIV-1�HIV-2 dual infections, HIV-1/M�O dual
infections, and HIV-1/MO-related recombinants based on the de-
tection of at least one gene of each variant sought. It is therefore
potentially useful for the detection of these atypical infections
(and of single variants in monoinfections), for evaluating their
epidemiological impact and improving diagnosis and virological
and therapeutic management, and for physiopathological studies.
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